Additionally, as emissions standards increase due to legislative pressure, combustion engine designers and manufacturers will be required to improve control systems to reduce emissions. MEMS sensors are becoming increasingly important as control sensors and actuators, because of the unique sensing and bandwidth capabilities they offer [1] . However, the harsh operating environment (high temperature, humid, and oxygen rich) has hindered the integration of these devices into traditional thermodynamic systems. This issue could become a major concern for sensor elements such as thin diaphragm type pressure sensors where increased diaphragm thickness due to oxidation reduces the sensitivity of the device.
INTRODUCTION
The push toward the miniaturization of electro-mechanical devices, and the resulting need for micropower generation (milliWatts to Watts) concepts with low weight and long life has lead to the recent development of the field of micro-scale combustion and power generation. The micropower generation (MPG) field is very young and in most cases, is still in the feasibility stage. Many of these MPG concepts rely on the chemical to thermal conversion of hydrocarbon and hydrogen fuels, which typically generate elevated reaction temperatures and a highly oxidizing environment.
However, conventional SiC chemical vapor deposition schemes are high temperature process and are incompatible with other microfabrication processes [2] . The current low temperature, single source chemical vapor deposition (CVD) method developed in our laboratory for the integration of SiC into micro-and nanoscale devices offers several advantages [4, 5] . The single precursor, 1,3-disilabutane (DSB), is a liquid at room temperature, and nonpyrophoric.
Polycrystalline 3C-SiC films can be deposited at temperatures as low as 750°C and no high-temperature pre-carbonization is step required. Lowering the process temperatures allows SiC film growth to be more compatible with Si processing than earlier mentioned methods [2] . Since it appears that SiC is a good candidate material for integration with Si-based thermochemical devices, it is necessary to understand the chemical stability of this material under the particular environment of heat engines. Many MPG concepts are low Biot number systems, which serves to reduce thermal gradients and hence thermal stresses. Despite the reduction in thermal stress levels, it is still critical to determine the effects of thermal stress on these materials to determine feasibility of SiC-coated microcomponents. In addition, the unique environments encountered in heat engines require an understanding of the chemical stability of thin films, notably oxidation. There has been previous work on the oxidation of poly-crystalline SiC films [6] as well as in a simulated, fuel rich, Jet A aviation fuel (CH 1.9185 ) environment [7] and the oxidation of several silicon based ceramics [8] . However, since the oxidation behavior of SiC depends on many factors such as the poly-type and the film microstructure [9] , it is extremely important to understand the oxidation behavior of our SiC films under the engine operational conditions.
In this work, the issue of oxidation of SiC thin films (deposited by low temperature CVD) related to micro-scale combustion and the development of thermochemical devices for power generation will be discussed. Many of the conclusions drawn here have relevance to high temperature battery, fuel cell, thermoelectric, and heat engine designs as well as harsh environment sensor development.
EXPERIMENTAL

Engine component fabrication
Fabrication of a Si-based micro-rotary engine in U.C. Berkeley's Microfabrication Laboratory has been previously reported [1, 10] . The engine system is composed of three discrete components: rotor, housing, and shaft, shown in Fig.1 . The engine and rotor housing are fabricated from Si(100) substrate in a deep reactive ion etching (DRIE) process in order to allow high operational temperatures and to maximize feature fabrication tolerance (as compared to sintered SiC or mechanical cutting and grinding at this scale). In addition, there can be no embedded oxide, which would cause thermal mismatch or structural weakness at the Si-oxide interface.
The most challenging component of the micro-rotary engine to fabricate using DRIE is the micro-rotary engine shaft. Traditional single rotor Wankel engine shafts are round in cross-section and have three sections: the output, offset cam, and rear shaft. Using DRIE, it would be impractical to fabricate a 1 mm long circular shaft to the required fabrication tolerances. A similar procedure is also being employed for larger silicon engines [11] . Therefore, a novel solution to this issue is the design of a square engine shaft fabricated in the wafer plane. In addition to advantages in fabrication, the square shaft does offer some benefits during engine operation. The offset cam touches the rotor at only 4 points, resulting in a reduction in overall engine friction. The magnitude of the contact stresses are sufficiently low in engines of this scale (mass) to allow for this type of mechanism. The area created between the edge of the square shaft and the round hole can also serve as a lubrication via during engine operation. Figure 2 shows an isometric and rear view of an early version of the square shaft assembly. The square shaft has been fabricated with an innovative DRIE 3-mask, 3-etch process which defines key design elements with wafer front and backside etches. Measurement of completed shafts indicates that fabrication tolerance of the shaft has been held to 5% and less for the housing and rotor assemblies. These initial observations do indicate that it is possible to fabricate the components of a micro-rotary engine in silicon to maximize part tolerance during fabrication and to later deposit a conformal, robust SiC film on these components and maintain high levels of precision. 
SiC Deposition and characterization
A detailed description of the CVD system and the operational conditions used in this work are published elsewhere [5] . Briefly, the precursor molecule, 1,3-DSB (Gelest Inc., >95% purity) is further purified by freeze-pump-thaw cycles using liquid N 2 before introduction into the reactor via a mass flow controller at the rate of 5.5 sccm. The reactor pressure during the deposition is ~50 mTorr. All experiments reported here are performed on either 30 mm x 80 mm rectangular samples of Si(100) substrate or 50 mm dia. Si(100) wafer. Prior to deposition, the n-type Si(100) substrate is dipped in concentrated HF to remove the native oxide, then rinsed with deionized water and dried under N 2 . The rectangular samples are placed vertically, parallel to the gas flow and the 50 mm wafers are placed vertically perpendicular to the gas flow in the center of the hot-wall zone of the reactor tube. The deposition temperature is kept at 800 °C to obtain polycrystalline 3C-SiC with low stress [5, 12] Various analysis and characterization techniques are employed to investigate the SiC growth rate uniformity, as well as film composition and structure before and after oxidation. Xray photoelectron spectroscopy (XPS) is a widely used technique for determination of chemical nature and elemental composition of thin films. The XPS analysis is performed using an Omicron Dar400 achromatic Mg-K X-ray source (15 keV, 20 mA emission current) and an Omicron EA 125 hemispherical analyzer to evaluate the film chemistry. The elemental percentages of the films are determined based on the high-resolution X-ray photoemission peak areas, photoionization cross-sections, and the electron energy analyzer transmission function [13] . X-ray diffraction (XRD) patterns are recorded using a Siemens D5000 automated diffractometer operated in θ -2θ geometry to determine the crystal structure of the deposited SiC films. The film morphology is examined by Digital Instrument Nano Scope III atomic force microscope (AFM) in contact mode. Both optical reflectometry (NanoSpec Model 3000) and cross-sectional scanning electron microscope (JEOL 6400 SEM) are employed to determine the film thickness. SiC film thicknesses estimated by cross-sectional SEM are found in good agreement with the values obtained by optical reflectometry. The chemical resistance of the films is characterized by wet chemical etching in hot (65 °C) 30% wt. KOH in water solution.
Oxidation Test Methods
Two different methods are used to determine the characteristics of the SiC films deposited on Si(100) in elevated temperature environments expected during engine operation. The first apparatus consists of an open-air (atmospheric pressure and humidity) resistance coil furnace. The objective of this series of tests was to examine the adhesion properties of the film and to investigate the nature of the oxidation of SiC in a temperature-controlled condition. The second set of tests examined the chemical resistance of the SiC film to exposure to a hydrogen flame environment. Initial testing of the MEMS rotary engine will use hydrogen as fuel due to the unique reaction properties, so the resistance of the film to this environment is critical.
A tube furnace was used to heat several 1x1 cm polycrystalline 3C-SiC (deposited on Si (100) in our lab) and Si (100) samples to temperatures of 850 o C for periods of time up to 100 hours. The furnace is open to the environment so that the ambient humidity levels dictate the oxidation conditions. Sampled were placed vertically on edge within a ceramic crucible located inside the furnace in order to maximize the surface area in contact with air.
The burner used in the hydrogen flat flame experiments is a water-cooled flat flame burner with a nitrogen co-flow (to prevent shear at the edge of the flame). The details of this burner arrangement are well documented [14] . Variable area rotameters are used for the H 2 / air mixture delivery. Sample temperatures are measured with Omega 0.002" Diameter (50 µm) R-type thermocouples in contact with the sample. Corrections for radiative and conduction losses to the thermocouple are not carried out. No effort is made to prevent the possible influence of the temperature measurement by catalytic reactions on the surface of the platinum thermocouple. The samples are mounted in a tantalum sample holder and placed horizontally above the burner 40 mm of the primary reaction plane. The equilibrium composition of the reaction is carried out and for the very slightly fuel lean conditions tested, equivalence ratio = 0.9, there is little hydrogen present to react on the thermocouple surface. The equilibrium concentrations (volume fractions) at the adiabatic flame temperature of H 2 O, H 2 and O 2 are 0.286, 0.017 and 0.021 respectively. Several 1x1 cm samples of Si (100), polycrystalline 3C-SiC, and singlecrystalline 6H SiC (Cree Inc.) are exposed to measure sample temperatures of up to 950 o C for periods of 20 minutes.
RESULTS AND DISCUSSIONS
As deposited SiC films
Chemical and Structural Characteristics X-ray photoelectron spectra are recorded to investigate the chemical composition of the SiC films deposited at 800˚C. It should be noted that XPS data provide information about the near surface region, approximately within the upper most 8 nm of the sample, determined by the electron escape depths. Figure 3 (a) shows survey spectra of 1 µm SiC thin film deposited on Si (100) at 800˚C, indicating photoemission peaks for Si, C, and O in all films. The relative peak positions for the Si(2p) and C(1s) are 100.5 eV and 283.3 eV, respectively and are consistent with earlier data reported on as-deposited SiC films [5, 6] . Peak areas of the high-resolution photoemission spectra of Si (2s), C(1s) and O(1s) are converted to elemental composition of the films using elemental sensitivity factors and transmission function of the electron energy analyzer [9] . Oxygen contamination is measured to be approximately 3% for all films deposited at 800˚C. This contamination is mostly due to ex situ handling of the samples before and during the transfer to XPS chamber [5, 15] . The Si/C ratio is found be nearly 1:1 as deposited with slight carbon enrichment at the surface. Figure 3 . Survey XPS spectra of SiC thin film deposited on Si (100) at 800 °C, as deposited (bottom), and after heated 5 (middle) and 100 hours (top) in atmosphere.
Constant contact of the engine rotor surface with engine housing surface during the operation establishes the critical role of improved friction and wear properties of our 3C-SiC as compared to Si-Si surface interactions. In addition to the material properties, the surface characteristics such as roughness play a critical role in wear and friction.
Tapping mode AFM has been utilized to examine the surface topography of the SiC films grown using 1,3-DSB at 800ºC. Figure 6 (a) displays the surface topography over a 10x10 µm 2 area of SiC samples for as deposited films. The 10 µm The XRD θ −2θ scans are performed to verify the crystalline nature of the films. According to XRD results (data no shown), SiC films grown at 800 °C using 1,3-DSB are polycrystalline with mainly 3C-SiC (111) orientation and highly textured [5, 16] .
Film conformality
The ability to create conformal coatings is critical in the application of this SiC technology as a structural layer. Figure 4 shows a cross-sectional SEM micrograph of high aspect ratio trenches coated with a 3-µm SiC film. The image clearly indicates that our films are highly conformal and provide a good structural detail transfer. The applicability of our LPCVD technique to coat released engine components is further evaluated by coating microengine rotor and engine housing with SiC at 800ºC. It is critical that the rotor and shaft (not coated) components are conformally coated on all surfaces. In order to attempt a conformal deposition on the released rotors, a 50 µm diameter tantalum wire is strung through the rotor through hole prior to deposition thus permitting suspension of the rotors within the CVD reactor, as shown in Fig. 5 . The SEM images show engine rotors (a) and housing (b) encapsulated with approximately 2 µm of SiC film. These images clearly indicate that our low temperature SiC process exhibits good structural detail transfer following deposition. In addition, the coated rotor is subjected to and survives a 10 min. exposure in concentrated HF followed by 1 hr in 33% hot KOH (65 o C). In contrast, uncoated Si(100) is etched by several micrometers in this etch environment. This confirms that these films are uniform and pinhole free. These findings are further corroborated by AFM measurements, described in the next section. figure clearly shows that there are no microcracks or pinholes on the SiC films before oxidation. The average RMS roughness over a 10 µm x 10 µm area is found to be 22 + 1.0 nm for the film as deposited.
Mechanical Characteristics
Several mechanical parameters of our 3C-SiC films have already been evaluated; for example, Young's modulus [16] , stress and stress gradient [12] , fracture toughness [17] , and friction/wear [18] . As deposited, these films demonstrate excellent wear resistance properties.
In addition, selflubricating behavior is observed on contact sliding of microfabricated structures [18] .
Work is underway to characterize friction and wear at elevated temperature as would be expected when surface oxidation of SiC occurs. This is of concern in engine applications where relative tolerance is of major concern.
SiC Film Oxidation
We have examined the oxidation of our LPCVD 3C-SiC oxidation under various conditions. XPS is employed to examine the change in surface composition of SiC samples upon heat treatment in oxidizing environments. To further evaluate this effect, the elemental composition of the surface is determined using high resolution photoemission peaks of C(1s), Si (2s), and O (1s) (see previous Chemical and Structural Characteristics section). Percentages of the elements present in the near surface region are given in Table 1 . The SiC films as deposited shows slight (4%) carbon enrichment, in addition to oxygen contamination (3%) on the surface. As previously noted, the oxygen contamination is mainly attributed to the ex situ sample handling prior to and during the sample transfer to the XPS chamber [5] . The oxygen percentage on the surface increases while that of carbon decreases when SiC samples are heated to 850ºC under atmospheric conditions. The Si/C ratio is found to change from 2 to 11 as heat treatment time increases from 5 to 100 hours. This observation is consistent with the data reported for oxidation of α-and β-SiC wafers in oxygen and water-rich environments [7, 19] . In these environments, SiC oxidizes according to the following reactions forming SiO 2 and releasing CO and CO 2 , in the presence of high concentration of O 2 , H 2 0, and CO 2 [11, 15] :
SiC ( 
Since the atmosphere is rich with oxygen, carbon dioxide, and water vapor, oxidation of our LPCVD polycrystalline 3C-SiC may be assumed to follow the same oxidation path under the examined conditions. To test this argument, the highresolution Si (2p) photoelectron spectra for as-deposited and heat-treated SiC samples are acquired. Figure 7 displays the Si(2p) photoemission peaks of SiC as deposited (a), and exposed to atmospheric conditions at 850 °C after five hours of oxidation (b), and after 100 hours of oxidation (c). The spectra from heat-treated samples (Figs. 7b and c) clearly show the formation of SiO 2 (peak at 104.3 eV) on the SiC films. Moreover, the disappearance of Si(2p) signal due to SiC upon exposure for 100 hours (Fig. 7c) shows that thickness of the SiO 2 layer has increased with heating time and has exceeded the photoelectron escape depth, ~8nm.
Oxidation behavior of the polycrystalline 3C-SiC is also examined under hydrogen flame at measured surface temperatures of up to 950°C. In this case, the reactions described by equations (1) and (2) would be mainly responsible for SiC oxidation because H 2 converts to H 2 O in the hydrogen flame and little or no CO 2 is present in these conditions. XPS has been utilized to compare the oxidation characteristics of single crystalline 6H-SiC (Cree Inc.), LPCVD 3C-SiC (our method), and Si(100) in a hydrogen flame for 20 minutes at 950°C. The high-resolution Si (2p) photoemission peaks of the aforementioned samples are shown in Fig. 8 . The relative percentages of the SiO 2 formed in the near surface region by the hydrogen flame are calculated for each sample. The data are only limited to the upper 8 nm of the sample as noted above. Data indicates that SiO 2 formed on the surface is nearly 80 % for Si, 50 % for 3C-SiC, and 35 % for single crystalline 6H-SiC. The presence of the Si(2p) signal in Si, 3C-SiC, and 6H-SiC samples verifies that the thickness of the SiO 2 layer for the 20 minute exposure time is less than 8 nm. These results confirm our SiC films have a relatively high oxidation resistance when compared to Si (100), however, these films appear to be more reactive than the single crystalline SiC.
Attempts have been made to measure directly the oxide film thickness after various heat treatments. Standard analytical techniques are difficult to employ for the determination of the SiO 2 film thickness due to relatively high surface roughness of the SiC and SiO 2 layers. This roughness is on the same order as the expected SiO 2 layer thickness created during the reaction times reported here. Thus, SiO 2 film is photolithographically patterned to create a step and surface topography that is mapped using AFM to determine SiO 2 film thickness as described in experimental section. Figure 9 displays the AFM image of 50x50 µm 2 SiO 2 layer patterned on 3C-SiC. The SiO 2 layer thickness is found to be approximately 50 nm, determined by the cross-section analysis, for the sample heated to 850ºC for 100 hours in atmosphere. In addition, based upon the XPS measurements (which have a depth resolution of 8 nm) shown in Fig. 7b , it can be inferred that exposure to 850 ºC for 5 hours yields a SiO 2 film thickness of approximately 5 nm. These two measurements indicate that a diffusion limited oxidation rate is observed. When Si(100) surface undergoes similar conditions (850 o C, 100hrs.), the SiO 2 thickness is measured to be approximately 290 nm, consistent with the predicted oxide thickness (270 nm) as modeled by the Deal-Grove dry oxidation mechanism [20] for the Si(100). This observation further confirms that our 3C-SiC coatings possess increased resistance to oxidation; hence it is expected to increase the lifetime of the microengine components. When AFM data are combined with etching results, it is confirmed that our SiC films adequately withstand temperatures of greater than 850ºC in both atmospheric conditions and hydrogen flame environment for the examined time duration. The only change observed is a slight reduction of the surface roughness for the oxidized films. The decreased surface roughness is attributed to the growth of the thin oxide layer on the SiC surface.
CONCLUSIONS AND FUTURE WORK
The integration of SiC with Si-based engine components has been demonstrated and appears to be a good approach for improving both the performance and lifetime of microthermochemical engine concepts. Initial testing of the SiC coated microstructures indicates that the films can readily maintain the structural detail offered by Si DRIE fabrication and also withstand the combustion environment. The oxidation behavior of our SiC films on Si substrate must be further characterized to determine quantitatively the growth rates which in actual devices will lead to changing part dimension. In some instances, such as apex tip seals, this growth may improve performance, while in other parts, such as gear teeth, oxide growth will lead to non-operation. Future work will also include the extension of this work to HC combustion environments to determine if carbidic films may preferentially form at the surfaces. In addition, the effect of prolonged harsh environment exposure will be investigated. Figure 9 . Tapping mode AFM images (3D) over a 50x50 µm 2 area of a SiC sample after exposure to the 850°C in atmospheric conditions for 100 hours (lithographically patterned and etched to remove SiO 2 )
Further refinements and measurements include the evaluation of a) wear and friction; b) stress and stress-gradients of the SiC films; and c) SiC film stability in extended exposure to combustion environments. In addition to leveraging the inherent material properties of SiC for thermofluidic applications such as the MEMS REPS, devices based upon these properties will be integrated to the system to serve as high temperature, chemically inert sensors for monitoring and feedback control elements. Two such devices are thermoresistors for temperature measurement and pressure transducers.
A thermoresistor will be used as a temperature sensor to measure wall and gas temperatures. Thermoresistors use the temperature coefficient of resistance (TCR) of a thin-film to measure temperature and are easy to integrate into MEMS devices. Platinum (Pt) will be used in the MEMS REPS, because its TCR is well-defined and it is extensively used in MEMS.
Pressure transducers will be located on the top and bottom plates of the engine to measure the compression ratio and combustion efficiency. Current piezoresistive methods for pressure measurement are well suited for application and integration into the micro-engine setup. Integrated piezoresistive materials are used to measure the deflection of a SiC membrane and can be fabricated by a backside, anisotropic wet chemical etch of the silicon substrate. These transducers will be designed and tested for the measurement of pressures as high as 40 atmospheres and 900°C. The SiC membrane pressure transducers will also be utilized to develop liquid (fuel) / gas flowmeters. SiC membrane pressure transducers integrated into the channel walls detect the pressure drop along the channel length. The flow rate can be calculated through knowledge of the pressure drop, channel cross-section, and fluid properties.
